Background: Otub1 suppresses E2 UbcH5 to stabilize and activate p53. Results: UbcH5 monoubiquitinates Otub1, and monoubiquitination-defective Otub1 mutants fail to inhibit UbcH5 and induce p53. Conclusion: Monoubiquitination is critical for Otub1 to suppress UbcH5 and induce p53. Significance: We report the discovery of a novel molecular mechanism underlying Otub1 suppression of E2 and activation of p53.
Interestingly, Otub1 regulates p53 through non-canonical suppression of the ubiquitin-conjugating enzyme (E2) activity of UbcH5 (also called UbE2D), leading to the inhibition of MDM2-mediated p53 ubiquitination (21) . Similarly, Otub1 inhibits the DNA damage-induced double strand break response by suppressing the Ubc13 (also called UbE2N)-mediated chromatin ubiquitination (22) . Further, a recent yeast twohybrid study revealed that Otub1 is a major Dub that interacts with the D and E classes of E2s as well as UbE2N (23) , suggesting that Otub1 represents a unique Dub that mainly targets E2 enzymes. Mechanistically, it has been shown that Otub1 preferentially binds to the Ub-charged Ubc13 (Ubc13ϳUb) (22) . The donor Ub binds to the N terminus of Otub1, and this is facilitated by a free Ub, which binds to a second Ub-binding site at the C terminus of Otub1, leading to its conformational change, which, in turn, promotes the donor Ub binding (24, 25) . Consequently, this interaction blocks the Ub transfer from E2 to substrates (24, 25) . However, how these structural observations relate, in a cellular context, to mediating E2 suppression activity is still not clear. It is also unknown whether Otub1 activity is regulated by posttranslational modification.
Here we report that Otub1 is monoubiquitinated by UbcH5, primarily at Lys-59 or Lys-109, and that this monoubiquitination is critical for the E2-suppressing activity of Otub1. A monoubiquitination-defective, lysine-free mutant of Otub1 (Otub1 K0 ) is unable to suppress UbcH5 in vitro or inhibit MDM2-mediated p53 ubiquitination in cells. Consistently, Otub1 K0 is unable to activate p53, induce apoptosis, and suppress cell proliferation, whereas adding either Lys-59 or Lys-109 back to Otub1 K0 restores the function of Otub1 to regulate p53. We further show that UbcH5 preferentially binds to the monoubiquitinated Otub1 via its backside interaction with the Otub1-linked Ub. Together, these data reveal novel insights into the Otub1 regulation of E2 wherein monoubiquitination of Otub1 promotes its E2-suppressing activity.
EXPERIMENTAL PROCEDURES
Cell Culture, Plasmids, and Antibodies-Human p53-null lung non-small cell carcinoma H1299 and p53-proficient osteosarcoma U2OS cells were cultured in DMEM supplemented with 10% FBS, 50 units/ml penicillin, and 0.1 mg/ml streptomycin at 37°C in a 5% CO 2 humidified atmosphere, as described previously (21, 26) . The GST-UbcH5c plasmid was constructed by inserting the full-length cDNA into the pGEX.4T.1 (Pharmacia) vector. The FLAG-Otub1 and His-Otub1 plasmids have been described previously (21) . All Otub1 point mutant plasmids were constructed using site-directed mutagenesis (Stratagene). Other plasmids have been described previously (21) . Anti-FLAG (M2, Sigma), anti-p21 (Ab-11, NeoMarkers), anti-p53 (DO-1, Santa Cruz Biotechnology), anti-MDM2 (SMP14, Santa Cruz Biotechnology), anti-Ub (Santa Cruz Biotechnology), and anti-V5 (Invitrogen) antibodies were purchased. Rabbit polyclonal anti-Otub1 antibodies were generated as described (21) .
In Vitro Ubiquitination Assay-Recombinant His-Otub1 proteins were expressed in Escherichia coli and purified using the Ni-NTA purification method. The in vitro ubiquitination reactions were assembled in a total of 20 l of reaction buffer containing recombinant UbE1 (0.025 M, Boston Biochem), UbcH5 (0.4 M, Boston Biochem), Ub (40 M, WT or the I44A mutant, Boston Biochem), 50 mM Tris-HCl (pH 8.0), 5 mM MgCl 2 , 2 mM ATP, and 1 mM DTT in the absence or presence of 3.2 M or the indicated concentrations of purified His-Otub1 at 37°C for the indicated hours, as described previously (21) . For detection of Otub1 monoubiquitination, the reaction was stopped by adding SDS sample buffer and analyzed by IB analysis with anti-Otub1 antibodies. For detection of the Ub-conjugating activity of UbcH5, the reaction was assayed by SDS-PAGE gel in non-reducing conditions, followed by IB analysis with anti-conjugated Ub (clone FK2, Millipore).
In Vivo Ubiquitination Assay-An in vivo ubiquitination assay under denaturing conditions was conducted in H1299 cells using an Ni-NTA pulldown method, as described previously (21, 26) .
Transfection, IB Analysis, and Coimmunoprecipitation (Co-IP) Analysis-Cells were transfected with plasmids using TransIT-LT1 reagents following the protocol of the manufacturer (Mirus Bio Corp.). Cells were harvested 36 -48 h posttransfection and lysed in lysis buffer consisting of 50 mM Tris-HCl (pH 8.0), 0.5% Nonidet P-40, 1 mM EDTA, 150 mM NaCl, 1 mM PMSF, 1 mM DTT, 1 g/ml pepstatin A, and 1 mM leupeptin. Equal amounts of clear cell lysate were used for IB analysis. Co-IP was conducted as described previously (21) . Bound proteins were detected by IB analysis using antibodies as indicated in figure legends.
Generation of Tet-inducible Otub1 K0 Expression Cell Lines-To generate Tet-inducible expression of Otub1 K0 , Otub1 K0 cDNA was subcloned into the pcDNA4-TO (Invitrogen) vector to generate the pcDNA4-TO-FLAG-Otub1 K0 plasmid. T-Rex-U2OS cells (Invitrogen) were transfected with pcDNA4-TO-FLAG-Otub1 K0 , followed by selection in culture medium containing 50 g/ml of hygromycin and 100 g/ml of zeocin for 2 weeks. Single colonies were isolated, expanded, and screened by IB analysis for Dox-induced expression using anti-FLAG antibodies.
RNAi-The 21-nucleotide siRNA duplexes with a 3Ј dTdT overhang were synthesized by Dharmacon Inc. (Lafayette, CO). The siRNA sequence targeting the 3Ј UTR of the Otub1 mRNA was GTGGTTGTAAATGGTCCTA (21) . The control scramble RNA sequence has been described previously (21) . These siRNA duplexes were introduced into cells using SilentFect lipid reagent (Bio-Rad) following the protocol of the manufacturer. The cells were analyzed 48 h after transfection.
RT Quantitative PCR Analysis-Total RNA was isolated from cells using Qiagen RNeasy mini kits (Qiagen, Valencia, CA). Reverse transcriptions were performed as described previously (21) . Quantitative real-time PCR was performed on an ABI 7300 real-time PCR system (Applied Biosystems) using iTaq TM Universal SYBR Green Supermix (Bio-Rad) as described previously (21, 26) . All reactions were carried out in triplicate. The relative gene expression was calculated using the ⌬C method following the protocol of the manufacturer. The primers for p21, mdm2, bax, and GAPDH have been described previously (21, 26) .
Cell Proliferation Assay-A cell proliferation assay was carried out on an IncuCyte system (Essen Bioscience), which allowed us to do kinetic, noninvasive imaging of cells in culture right inside the well controlled incubator environment. Tetinducible expression cells were split into 12 well-plates with or without Dox treatment and monitored in the IncuCyte system for 48 h. A cell growth curve was calculated and presented as the percentage of confluence from every 2-h phase-contrast imaging. For further validation, we conducted colony formation assays. T-Rex-U2OS-FLAG-Otub1 or T-Rex-U2OS-FLAG-Otub1 K0 cells were plated in the absence or presence of 2 g/ml Dox for up to 2 weeks. The colonies were visualized by staining with crystal violet blue.
GST Fusion Protein Association Assays-GST-UbcH5c and its mutants were purified using glutathione-Sepharose 4B beads. GST fusion protein-protein association assays were conducted as described previously (27) . After washing, bound proteins were analyzed using IB analysis with anti-Otub1 and anti-GST antibodies.
Mass Spectrometry-For identifying Otub1 lysine residue(s) subjected to monoubiquitination, monoubiquitinated Otub1 was generated using an in vitro ubiquitination reaction, followed by SDS-PAGE gel electrophoresis and colloidal blue gel staining. The monoubiquitinated Otub1 was excised and trypsinized, and then peptides were analyzed by liquid chromatography/tandem mass spectrometry using an LTQ Velos Pro linear ion trap (Thermo Scientific) to collect data-dependent MS/MS data, as described previously (28) . To determine protein sequences, a UniProt Sprot human database (downloaded August 2011) was created and amended with sequence-reversed entries to estimate the false discovery rate (FDR). Peptides were identified using SEQUEST (version 28, rev. 12, Thermo Scientific) with trypsin cleavage specificity, a static Cϩ57 modification (alkylation), and a variable modification of K ϩ 114 (ubiquitination). SEQUEST results were filtered to strict peptide and protein FDRs, estimated from the number of matches to sequence-reversed peptides, using PAW software (29) . Independent FDR control for unmodified peptides and peptides with mass shifts of ϩ114 assigned to Lys residues was performed, resulting in a 4.2% FDR for protein discovery (46 identifications to forward sequence proteins and two to reverse-sequenced proteins) and less than a 7.7% FDR for detection of ubiquitination sites (13 MS/MS spectra assigned to forward sequence peptides containing K ϩ 114 and none to reverse-sequence peptides from any entry in the database).
Flow Cytometry-U2OS-To-FLAG-Otub1 or U2OS-To-FLAG-Otub1 K0 cells were treated with or without Dox (2 g/ml) for 24 h. The cells were harvested and stained with propidium iodide (Sigma) staining buffer (50 g/ml propidium iodide, 200 g/ml RNase A, and 0.1% Triton X-100 in PBS) at 37°C for 30 min. The cells were measured for DNA content using a BD Biosciences FACScan flow cytometer. Data were analyzed using the CellQuest software program.
Structural Modeling-All modeling was performed using the UBQ_Gp_LYX-Cterm application of the Rosetta 3.5 suite (30) using standard parameters according to the documentation. For modeling of the quaternary complex, the crystal structure 4DDI was used. UbcH5b and UbcH5bϳUb were included using the "extra-bodies" option. A total of 500 models were created for either Lys-59 or Lys-109 ubiquitination. For modeling of mono-ubiquitinated Otub1, the crystal structure 2ZFY was used. A total of 200 models were created for either Lys-59 or Lys-109 ubiquitination. The resulting models were clustered, and the highest scoring structure of the most populated cluster was used for further analysis.
RESULTS
Otub1 Is Monoubiquitinated by UbcH5-During our investigation of Otub1 suppression of E2 activity in vitro using reconstituted ubiquitination reactions, we observed a slowly migrating Otub1 band recognized by both anti-Otub1 and anti-Ub antibodies. The molecular weight was approximately equal to an Otub1 attached to a single Ub, suggesting a monoubiquitination of Otub1. To test whether Otub1 is indeed modified by monoubiquitination in vitro, we incubated purified recombinant His-Otub1 protein in the presence of different combinations of E1, UbcH5, Ub, and ATP, followed by IB analysis. As shown in Fig. 1A , the putative monoubiquitinated Otub1 band was detected only when both E1 and UbcH5 were present (lane 
5)
, suggesting that UbcH5 mediates the monoubiquitination of Otub1. This modification requires ATP and is time-dependent ( Fig. 1B ). To examine whether Otub1 is monoubiquitinated in cells, H1299 cells were transfected with FLAG-tagged Otub1 alone or together with V5-tagged Ub. The cell lysates were subjected to co-IP with anti-FLAG antibody, followed by IB analysis with anti-V5. As shown in Fig. 1C , the monoubiquitinated form of Otub1 was detected in cells transfected with both FLAG-Otub1 and V5-Ub, demonstrating that Otub1 is also monoubiquitinated in cells.
Lysines 59 and 109 Are Primary Monoubiquitination Sites-To identify which lysine residues are subjected to monoubiquitination, we performed a large volume of in vitro ubiquitination reactions using purified His-Otub1. The monoubiquitinated Otub1 was excised and in-gel trypsinized. The peptides were then subjected to mass spectrometry analysis. Two lysines (Lys-59 and Lys-109) were identified as putative Ub acceptor sites (Fig. 2, A and B) . To validate whether Lys-59 or Lys-109 is indeed the monoubiquitination site, we generated Otub1 point mutants containing individual or both lysine residues mutated to arginine. Surprisingly, mutating a single lysine (K59R, K109R) (data not shown) or both (K59R/K109R) ( Fig. 2C ) did not abolish the monoubiquitination of Otub1, suggesting that Lys-59 and Lys-109 are either not primary ubiquitination sites or that monoubiquitin conjugation may take place in alternative lysine residues following the mutation of these primary lysines. To distinguish the two possibilities, we continued to mutate the rest of the lysines, initially focusing on lysines adjacent to Lys-59 and Lys-109, including 6KR (K59R/K109R/K71R/K73R/ K77R/K78R) and 9KR (6KRϩK115R/K120R/K122R), and found that no significant change in monoubiquitination was evident even when 11 of 17 lysines (11KR (9KRϩK201R/K151R)) residues were replaced with arginine ( Fig. 2 , C and D, and data not shown). However, the level of monoubiquitinated Otub1 was drastically decreased when an additional Lys-188 residue was mutated (named 12KR) and completely abolished when both Lys-188 and Lys-213 were mutated (named 13KR) using 11KR as a template (Fig. 2D ). These results led us to speculate that Lys-188 and/or Lys-213 might be the monoubiquitination sites. However, mutating individual (K188R, K213R) or both (K188R/K213R) failed to abolish the monoubiquitination of Otub1 (data not shown). Further, mutating four lysines (K188R/K213R/K59R/K109R) failed to abolish the monoubiquitination too (data not shown). These data suggest that Otub1 undergoes ubiquitination at alternative C and D, Otub1 wt , Otub1 K59R/K109R , Otub1 6KR , and Otub1 11KR , but not Otub1 12KR and Otub1 13KR , were monoubiquitinated by UbcH5 in vitro. WT Otub1 or its mutants, as indicated, were incubated with E1, E2, and Ub in the presence or absence of ATP, followed by IB analysis using anti-Otub1. E, Otub1 wt , Otub1 K59 only , Otub1 K109 only , and Otub1 K59/K109 only , but not Otub1 K0 , were monoubiquitinated by UbcH5 in vitro. WT Otub1 or its mutants, as indicated, were incubated with E1, E2, and Ub in the presence or absence of ATP, followed by IB analysis using anti-Otub1. sites when primary sites are eliminated. This "alternative site theory" has been reported repeatedly in other studies (31) (32) (33) . Thus, to further examine whether Lys-59 and/or Lys-109 are the primary sites, we went on to generate a lysine-free Otub1 (Otub1 K0 ) where all 17 lysines are mutated to arginine and then mutated residue 59 or 109 or both back to Lys using Otub1 K0 as a template (Otub1 K59 only , Otub1 K109 only , and Otub1 K59/K109 only , respectively). As expected, Otub1 K0 was unable to be monoubiquitinated by UbcH5 ( Fig. 2E) . Interestingly, adding individual lysine (Lys-59 or Lys-109) or both (Lys-59/Lys-109) back completely restored the monoubiquitination of Otub1 K0 (Fig. 2E) . These data strongly suggest that Lys-59 and Lys-109 are the primary monoubiquitination sites of Otub1.
Lysine-free Otub1 Does Not Activate p53-To test whether monoubiquitination affects the function of Otub1 to regulate the stability and activity of p53, we took advantage of the monoubiquitination-defective Otub1 K0 mutant. As shown in Fig. 3A and as expected (21), overexpression of WT Otub1 significantly induced the levels of p53 as well as its targets p21 and MDM2 in p53-proficient U2OS cells. However, overexpression of Otub1 K0 failed to do so. Of note, we observed that the expression of Otub1 K0 mutant protein is consistently lower than that of Otub1 wt . To test whether the defective effect of Otub1 K0 is due to this lower level of expression, Otub1 wt and the Otub1 K0 mutant plasmids were transfected into U2OS cells at different ratios. As shown in Fig. 3B , Otub1 wt and Otub1 K0 proteins were expressed at similar levels when the plasmids were transfected at a 1:6 ratio. Under this condition, Otub1 K0 still failed to induce p53 and its target genes, whereas Otub1 wt potently induced and activated p53 (Fig. 3B) . Therefore, the inability of Otub1 K0 to induce p53 is not due to its lower levels of expression relative to Otub1 wt . Also, Dox-induced expression of Otub1 K0 in two representative U2OS-TO-FLAG-Otub1 K0 clones failed to induce p53 and its targets p21 and MDM2, whereas induced expression of WT Otub1 drastically induced p53 and its target proteins ( Fig. 3C ) and the levels of p21, bax, and mdm2 mRNA in U2OS cells (Fig. 3E) . A time course study of induced Otub1 expression further confirmed that Otub1 K0 failed to induce and activate p53 (Fig. 3D ), even when its expression level was similar to that of Otub1 wt (Fig, 3D, compare lane  8 to lane 2) . Consistently, in contrast to the expression of Otub1 wt , induced expression of Otub1 K0 failed to suppress cell proliferation, as determined by both colony formation assays ( Fig. 3F ) and measuring of cell confluence over time in culture using the IncuCyte system (Fig. 3G ). Instead, we consistently observed that overexpression of Otub1 K0 slightly promoted cell proliferation ( Fig. 3G ) and increased the size of colonies (Fig.  3F ). Because overexpression of Otub1 wt also induces apoptosis (21), we next examined whether the lysine-free Otub1 could fail to do so. As shown in Fig. 3H , overexpression of Otub1 wt significantly induced apoptosis, as evidenced by the marked increase in sub-G 1 populations, whereas overexpression of Otub1 K0 slightly inhibited apoptosis. Together, these data suggest that the lysine-free Otub1 fails to induce and activate p53 and is unable to induce apoptosis as well as suppress cell proliferation. Instead, it may act as a dominant-negative mutant in cells.
Lysine-free Otub1 Attenuates p53 Activation in Response to DNA Damage-We have shown previously that Otub1 plays a critical role in DNA damage-induced p53 activation (21) . Therefore, we next asked whether Otub1 K0 affects p53 signaling in response to DNA damage. To this end, U2OS-TO-FLAG-Otub1 K0 cells were cultured with or without Dox, followed by treatment of etoposide (Eto) for different durations. As shown in Fig. 4A , overexpression of Otub1 K0 significantly attenuated the induction of p53 and p21 proteins. However, this was not the case in U2OS-TO-FLAG-Otub1 wt cells. Instead, overexpression of Otub1 wt enhanced the induction of p53 and p21 proteins by Eto treatment (Fig. 4B) . To further confirm the role of Otub1 K0 in attenuating p53 activation in response to DNA damage, we performed siRNA knockdown and rescue experiments. As shown in Fig. 4C , although transfection with FLAG-Otub1 wt completely rescued p53 induction by Eto treatment in cells transfected with Otub1 siRNA targeting the 3Ј UTR of the Otub1 mRNA that is not present in the FLAG-Otub1 expression plasmid (Fig. 4C , compare lane 5 to lane 4), FLAG-Otub1 K0 clearly failed to do so (lane 6). RT-qPCR assays showed that the induction of p21, mdm2, and Bax mRNA by Eto treatment was reduced significantly by overexpression of Otub1 K0 (Fig. 4D ). Consistently, overexpression of Otub1 K0 suppressed Eto-induced apoptosis in cells (Fig. 4E) . These results suggest that Otub1 K0 attenuates p53 activation in response to DNA damage.
Lysine-free Otub1 Fails to Suppress E2 in Vitro-To determine why Otub1 K0 fails to induce p53 activity, we first tested the physical interaction between Otub1 and p53. However, co-IP assays clearly showed that Otub1 K0 bound to p53 much more strongly than Otub1 wt (Fig. 5A ). This effect is reminiscent of the Otub1 D88A mutant, which does not induce and activate p53 (21) . We then examined whether Otub1 K0 fails to suppress E2 because Otub1 exerts its regulatory function on p53 or DNA damage response via a non-canonical mechanism (21, 22) . In vitro reactions were assembled using recombinant E1, UbcH5, and Ub in the absence or presence of His-tagged Otub1 wt or Otub1 K0 , followed by IB analysis with anti-conjugated Ub antibody (FK2). As expected, Otub1 wt dramatically suppressed the Ub-conjugating activity of UbcH5 to form poly-Ub chains. However, Otub1 K0 failed to do so (Fig. 5B) . Also, Otub1 K0 did not interact with either exogenous or endogenous UbcH5, as determined by co-IP assays in cells either transfected with equal amounts of the FLAG-Otub1 wt and FLAG-Otub1 K0 plasmids (data not shown) or with the plasmids at a 1:6 ratio to obtain equal protein expression ( Fig. 5, C and D) . Consistently, Otub1 K0 failed to suppress MDM2-mediated p53 ubiquitination in cells (Fig. 5E ). Together, these results revealed that the monoubiquitination-defective Otub1 K0 does not suppress E2 and, thus, fails to induce p53 stabilization and activation.
Monoubiquitination of Otub1 Correlates with Its Activity to Induce p53-To determine whether monoubiquitination is critical for Otub1 to stabilize and activate p53, we analyzed a series of Otub1 mutants for their activity to induce and activate p53. We found that the monoubiquitination-competent 11KR mutant Otub1 was able to induce p53 and its targets p21 and MDM2 in cells, whereas the monoubiquitination-defective Otub1 mutants (12KR and 13KR) failed to do so (Fig. 6A) . Inter-estingly, adding either Lys-59 or Lys-109 or both back to Otub1 K0 restored the function of Otub1 to induce p53 and its targets p21 and MDM2 (Fig. 6B ). An RT-qPCR assay also showed that Otub1 K59 only and Otub1 K109 only , but not Otub1 K0 , induced the expression of p21, mdm2, and bax mRNAs (Fig.  6C) . Consistently, the Otub1 K59 only and Otub1 K109 only mutants drastically suppressed MDM2-mediated p53 ubiquitination as efficiently as Otub1 wt in cells (Fig. 6D) . Thus, monoubiquitination of Otub1 plays a critical role in the function of Otub1 to regulate p53.
UbcH5 Preferentially Binds to Monoubiquitinated Otub1-To further elucidate the molecular insights into the role of monoubiquitination in the function of Otub1, we reasoned that monoubiquitination may promote the association of Otub1 with UbcH5 because Otub1 K0 fails to interact with UbcH5 (Fig.  5, C and D) and UbcH5 makes extensive contacts with Ub (34) . It is likely that monoubiquitination could increase the binding of Otub1 to an E2 through Ub-E2 interaction. Indeed, when the FIGURE 3. Lysine-free Otub1 fails to induce and activate p53. A and B, Otub1 K0 does not induce p53. U2OS cells were transfected with equal amounts (3 g) of the FLAG-Otub1 wt or FLAG-Otub1 K0 plasmid (A) or 0.5 g of the FLAG-Otub1 wt or 3 g of the FLAG-Otub1 K0 plasmid (B), followed by IB analysis. C, induced expression of Otub1 K0 fails to induce p53. Two representative U2OS-TO-FLAG-Otub1 K0 clones and the U2OS-TO-FLAG-Otub1 wt stable cell line were cultured in the absence or presence of 2 g/ml of Dox for 24 h. The cell lysates were assayed by IB analysis. D, time course study of the p53 induction by Otub1 wt but not Otub1 K0 . U2OS-TO-FLAG-Otub1 wt or U2OS-TO-FLAG-Otub1 K0 clone 1 (C # 1) was cultured in the presence of 2 g/ml of Dox and harvested at different time points, as indicated, followed by IB analysis. E, Otub1 K0 does not induce p53 activity. U2OS-TO-FLAG-Otub1 K0 or U2OS-TO-FLAG-Otub1 wt cells were treated with or without Dox for 24 h, followed by RT-qPCR detection of p21, mdm2, and bax mRNA normalized to the expression of GAPDH. F, Otub1 K0 does not inhibit cell proliferation. U2OS-TO-FLAG-Otub1 wt or U2OS-TO-FLAG-Otub1 K0 cells were cultured in the presence or absence of Dox for up to 3 weeks. The colonies were visualized by staining with crystal violet blue. G, T-Rex-U2OS-FLAG-Otub1 wt or T-Rex-U2OS-FLAG-Otub1 K0 cells were cultured in the presence or absence of 2 g/ml doxycycline. The cell confluence was measured over time using the IncuCyte system. H, Otub1 K0 does not induce apoptosis. U2OS-TO-FLAG-Otub1 wt or U2OS-TO-FLAG-Otub1 K0 cells were cultured with or without Dox for 24 h. The cells were stained with propidium iodide, followed by flow cytometry analysis. The average percentages of cells in sub-G 1 are shown. . Lysine-free Otub1 attenuates p53 activation in response to DNA damage. A and B, Otub1 K0 , but not Otub1 wt , attenuates p53 activation following Eto treatment. U2OS-TO-FLAG-Otub1 K0 cells (A) and U2OS-TO-FLAG-Otub1 wt cells (B) were cultured in the absence or presence of Dox for 24 h, followed by treatment with Eto (20 M) or control dimethyl sulfoxide for the indicated times, followed by IB analysis. C, reintroduction of Otub1 wt , but not the Otub1 K0 mutant, rescues the p53 response following DNA damage in cells with Otub1 knockdown. U2OS cells transfected with control, the FLAG-Otub1 wt or FLAG-Otub1 K0 plasmid, and scrambled or Otub1 siRNA targeting the 3Ј UTR of the Otub1 mRNA are shown, as indicated. The cells were treated with Eto (20 M) for 6 h before harvesting 48 h after siRNA transfection, followed by IB analysis. D and E, Otub1 K0 attenuates p53 activation in response to DNA damage. U2OS-TO-FLAG-Otub1 K0 cells were cultured in the absence or presence of Dox for 24 h, followed by treatment with Eto (20 M) or control (Ctl) dimethyl sulfoxide for 6 h, and assayed by RT-qPCR (D) and cell cycle profile analysis for sub-G 1 phase cells (E).
in vitro ubiquitination reaction mixture containing monoubiquitinated and unmodified Otub1 was incubated with GST-UbcH5, we found that UbcH5 preferentially bound to the monoubiquitinated over the unmodified form of Otub1 (Fig.  7A) . These results suggest that monoubiquitination of Otub1 promotes Otub1-UbcH5 binding, thereby suppressing the Ubconjugating activity of the UbcH5.
Monoubiquitinated Otub1 Binds to UbcH5 via Ub Interaction with the Backside Ub-interacting Surface of UbcH5-How does monoubiquitination promote Otub1-E2 interaction? Biochemical (22) and structural (24, 25) studies have shown that Otub1 preferentially binds to Ub-charged E2 (E2ϳUb). Because UbcH5 preferentially binds to monoubiquitinated Otub1 (Otub1-Ub) (Fig. 7A ), we reasoned that monoubiquitination at Lys-59 or Lys-109 may stabilize the Otub1-UbcH5 interaction by forming a quadruple molecular complex containing Otub1-Ub⅐UbcH5ϳUb via direct interaction of Otub1linked Ub with UbcH5ϳUb within the Otub1⅐UbcH5ϳUb complex characterized previously (24) . Thus, we modeled the quaternary complex between UbcH5bϳUb and Otub1-Ub using Rosetta software (30) . After extensive sampling of the conformational space available to Ub, we found that Ub linked to Lys-109 was unable to form a direct interaction with UbcH5bϳUb (data not shown). Ub linked to Lys-59 formed interactions with UbcH5bϳUb in a small subsets of sampled conformations (data not shown). Because ubiquitination of either Lys-59 or Lys-109 has a similar effect to regulate p53, we suggest that Ub linked to Otub1 does not stabilize Otub1-UbcH5 interaction through direct interactions within the characterized Otub1⅐UbcH5ϳUb complex (24) .
To further understand how monoubiquitination promotes Otub1-UbcH5 interaction, we modeled the structures of monoubiquitinated Otub1 alone. Interestingly, for monoubiquitination at either Lys-109 or Lys-59, the most frequently sampled poses exposed the canonical Ile-44 interface of Ub, potentially allowing for the interaction of Ub with the "backside" of UbcH5 against the catalytic Cys known previously for donor Ub binding (34, 35) . When we superimposed the Ub linked to Otub1 with Ub (charged to another UbcH5) bound to the backside of UbcH5b (PDB code 3A33), we found no steric clashes between UbcH5b and Otub1. This suggested that the Ub covalently linked to Otub1 could facilitate the Otub1-UbcH5 inter- A, Otub1 K0 binds to p53. H1299 cells transfected with p53 together with Otub1 wt or Otub1 K0 were subjected to co-IP using anti-FLAG antibodies, followed by IB analysis. B, Otub1 K0 does not suppress UbcH5-dependent ubiquitin chain formation. The in vitro ubiquitination reactions were conducted in the presence of E1, E2, Ub, and ATP in the absence or presence of His-tagged Otub1 wt or Otub1 K0 , as indicated. The reactions were assayed by IB analysis using anti-conjugated Ub antibody (clone FK2) (top panel). C and D, Otub1 K0 does not interact with UbcH5 in cells. H1299 cells transfected with 0.25 g of the FLAG-Otub1 wt plasmid or 1.5 g of the FLAG-Otub1 K0 plasmid alone (D) or together with 1.5 g of V5-UbcH5 (C) were subjected to co-IP with anti-FLAG antibodies, followed by IB analysis. E, Otub1 K0 does not inhibit MDM2-mediated p53 ubiquitination in cells. H1299 cells transfected with indicated plasmids were subjected to pulldown using Ni-NTA beads under denaturing conditions, followed by IB analysis. The ubiquitinated species of p53 are indicated.
action through binding to the backside Ub-interacting surface of UbcH5 (Fig. 7B ). This backside interaction of UbcH5 with Ub involves key residues, including Ser-22 on UbcH5 and Ile-44 on Ub (Fig. 7B, right panel) (34) . To test this possibility, we first examined whether mutating Ser-22 on UbcH5 to Arg (UbcH5 S22R ) could affect this backside UbcH5-Ub interaction because this mutation has been shown to disrupt the Ub-UbcH5 interaction (34) . As shown in Fig. 7C , although wild-type GST-UbcH5 bound to the monoubiquitinated Otub1, the GST-UbcH5 S22R mutant failed to bind. Similarly, mutating Ser-22 to Leu (UbcH5 S22L ) also disrupted the binding between UbcH5 and the monoubiquitinated Otub1 (Fig. 7D) . These mutants generate a steric clash with Ub Ile-44 because of the larger side chain of Arg or Leu compared with Ser (34, 36) . Next, we asked whether mutating Ile-44 of Ub to Ala with a smaller side chain could also affect the binding. The mutant Ub-I44A (Ub I44A ) can still be used for Otub1 monoubiquitination in vitro (Fig. 7E ). Using the reaction mixture containing Otub1 monoubiquitinated with Ub I44A (Otub1-Ub I44A ) for GST pulldown assays, we found that wild-type GST-UbcH5 indeed failed to interact with Otub1-Ub I44A (Fig. 7E, last lane) . Interestingly, the I44A mutation relieves the steric clash generated by the S22L mutation through complementation, resulting in the rescued binding between UbcH5 S22L and Otub1-Ub I44A (Fig. 7E ). Together, these results demonstrate that monoubiquitinated Otub1 interacts with the backside Ub-interacting surface of UbcH5 through the covalently linked Ub. This backside binding could potentially cripple the self-assembly of UbcH5ϳUb conjugates thought to be critical for ubiquitin transfer to substrates and poly-Ub chain formation (34, 35) , thereby suppressing the Ub-conjugating activity of UbcH5.
DISCUSSION
Otub1 has recently emerged as a unique Dub that binds to and inhibits several classes of E2s, including Ubc13 and UbcH5s (21) (22) (23) (24) (25) . By doing so, Otub1 regulates the stability and activity of a number of proteins, including p53 (21), histones (22), SMAD2/3 (37) , and gene related to anergy in lymphocytes (GRAIL) (38) , independently of its deubiquitinating enzyme activity. Otub1 also regulates several other substrates via its canonical deubiquitinating enzyme activity, such as the cellular inhibitor of apoptosis (c-IAP) (39), estrogen receptor ␣ (40), and tumor necrosis factor receptor-associated factors (TRAFs) 3 and 6 (41). Together, Otub1 plays an important role in diverse biological processes, including DNA damage response, immune response, inflammation, apoptosis, and signal transduction.
In this study, we discovered a novel mechanism for the Otub1 suppression of E2. We found that Otub1 is monoubiquitinated by UbcH5 in cells and in vitro. UbcH5, in turn, binds preferentially to the monoubiquitinated Otub1 (Otub1-Ub). Structural modeling and biochemical analysis revealed that this binding occurs through the extensive contacts between the ␤1-␤3 backside Ub-binding surface of UbcH5 and the canoni-cal "Ile-44 surface" of Ub covalently linked to Otub1 (Fig. 7B) . Mutating either Ser-22 on UbcH5 to Arg or Leu or Ile-44 on Ub to Ala abolished the interaction between UbcH5 and the ubiquitinated Otub1 (Fig. 7 , C-E) because of the creation of a steric clash in the Ub-E2 interface. Remarkably, this steric clash can be compensated by mutating both Ser-22 of UbcH5 to Leu and Ile-44 of Ub to Ala, resulting in the rescued binding between UbcH5 S22L and the Ub I44A covalently linked to Otub1 (Otub1-Ub I44A ). Consequently, this backside E2 interaction with monoubiquitinated Otub1 would interfere with the binding of a charged donor Ub to the same site of a second E2, which is critical for the Ub transfer and Ub chain elongation during the Ub-conjugating reaction (34, 36, 42) .
This novel mechanism could exist in parallel with a mechanism described previously wherein Otub1 binds to E2ϳUb (24, 25) and they act in concert to potentiate the function of Otub1 to suppress E2. Previous structural studies have shown that binding of a free Ub to the distal Ub-binding site on Otub1 causes a conformational change of Otub1 to form an N-terminal Ub-binding helix, allowing for the binding of the donor Ub (24, 25) . This Otub1 binding blocks the interaction of the donor Ub with another E2 and the attack on the thioester bond by an acceptor Ub and also suppresses Ub transfer (34, 36, 42) . Future studies are warranted to address how the two distinct mechanisms could interplay, timely and spatially, and whether the mechanism described here is also regulated by the cellular concentration of free Ub or the molecular ratio of charged versus uncharged E2. Alternatively, monoubiquitinated Otub1 could bind to Ub-charged E2 to form a quadruple inhibitory complex (Otub1-Ub⅐E2ϳUb) through the backside UbcH5-Ub interaction. This quadruple complex would then form an infinite spiral, as in the case of the self-assembly of E2ϳUb conjugates (34, 35) through the donor Ub interaction with Otub1. This complex could, therefore, disrupt the assembly of E2ϳUb conjugates and suppress the Ub transfer and efficient polyubiquitination of substrates (34, 35) . In this scenario, it is important to test whether monoubiquitination of Otub1 could result in a conformational change to promote the donor Ub binding to Otub1. Thus, future characterization of the structure of the inhibitory Otub1-Ub⅐UbcH5ϳUb complex would provide further insights into how Otub1 suppresses E2. on UbcH5. C and D, UbcH5 S22R and UbcH5 S22L do not bind to monoubiquitinated Otub1. The in vitro ubiquitination reaction mixture containing both monoubiquitinated and unmodified Otub1 was incubated with GST alone, GST-UbcH5c, GST-UbcH5 S22R , or GST-UbcH5 S22L immobilized onto GSH beads. After washing, bead-bound proteins were assayed by IB analysis. E, mutating Ser-22 to Leu rescues the binding defect of UbcH5 with Otub1-Ub I44A . His-Otub1 was subjected to an in vitro ubiquitination reaction using recombinant Ub I44A . The reaction mixture containing both monoubiquitinated (Otub1-Ub I44A ) and unmodified Otub1 was incubated with GST alone, GST-UbcH5c, or GST-UbcH5 S22L immobilized onto GSH beads. After washing, bead-bound proteins were assayed by IB analysis.
Functionally, we showed that monoubiquitination of Otub1 is critical for Otub1 to suppress UbcH5 and stabilize and activate p53. This is evident from observations showing that the monoubiquitination-defective mutants, including Otub1 K0 , failed to suppress E2 and induce p53, whereas the monoubiquitination-competent mutants, such as Otub1 11KR , Otub1 K59 only , and Otub1 K109 only , induced p53 as efficiently as Otub1 wt (Figs. 3  and 6 ). Thus, our study further emphasizes the emerging function of Otub1 as a potent E2 inhibitor and demonstrates a novel mechanism whereby monoubiquitination of Otub1 promotes its function to suppress E2 and activate p53. This novel mechanism could be implicated in targeting E2 for cancer therapy.
